Recently, the abundance of young Atlantic bluefin tuna ( Thunnus thynnus) tripled in the North-western Mediterranean following effective management measures. We investigated whether its predation on sardine ( Sardina pilchardus) and anchovy ( Engraulis encrasicolus) could explain their concurrent size and biomass decline, which caused a fishery crisis. Combining the observed diet composition of bluefin tuna, their modelled daily energy requirements, their population size and the abundance of prey species in the area, we calculated the proportion of the prey populations that were consumed by bluefin tuna annually over 2011-2013. To assess whether tuna could alter the size structure of the three small pelagic populations (anchovy, sardine and sprat), the size distributions of the consumed prey species were compared to those of the wild populations. We estimated that the annual consumption of small pelagic fish by bluefin tuna is less than 2% of the abundance of these populations. Furthermore, size selectivity patterns were not observed. We thus concluded that tuna predation is unlikely to be the main cause of major changes in the small pelagic fish populations from this area.
Introduction
Predation pressure also depends on the residence time of the tuna population in the area, which was 106 estimated based on tag data (Fromentin and Lopuszanski 2014) . We considered that ABFT reside in 107 the Gulf of Lions for a total of six months (consistent with previous assumptions, see Bănaru et al. 108 2013) , from approximately early-March to end-May and from end-July until end-October. 109
Finally, the mass distribution of the tuna population was assessed combining mass values of ABFT 110 sampled for stomach contents with additional measurements of commercially fished ABFT from 111 other periods but caught in the same area (sampling period: generally April-May and July-October of 112 2011-2014, with 3 individuals in November/December amongst N=310). The small scale fishery 113 catches are a good proxy for the ABFT demography (size and age composition) in this area. This is the 114 only fleet targeting ABFT, it operates all year round in this area and the size distribution of its catches 115 corresponds to this of the industrial purse seine fleet that operated in the Gulf of Lions until 2007 116 (Fromentin 2003) . A gamma distribution (shape=15.21 and rate =0.57) was fitted on this empirical 117 histogram, which was also used to determine the ABFT weight range. This information is essential as 118 heavier tuna have a larger energetic requirement. 119 For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.
Estimating ingestion rates of ABFT using a Dynamic Energy Budget model
where ‫‬ is the maximum surface-area-specific assimilation rate, ‫ܯ‬ ଵ is the shape correction 131 function (which accounts for morphological changes), ‫ܮ‬ is the structural length and ߢ ௫ is the 132 assimilation efficiency. Food availability (f) and average temperature (T) were assumed to be 0.99 133 and 19.5°C, respectively (T is transformed with a temperature correction function to fit with the 134 optimal temperature range of ABFT, Kooijman 2010 , Freitas et al. 2010 . Energy intake estimates 135 were obtained using a conservative approach because we could hardly estimate the variance of the 136 ingestion rates, and the functional response type that needed to be selected is not precisely known 137 (i.e., it depends on multiple factors, see Valiela 1995) . To do so, we assumed maximum intake that is 138 reached when prey abundance is very high and time lost for searching is zero. Note that in the 139 context of this study, a conservative approach means that an overestimation of the tuna ingestion 140 rate is preferred over an underestimation. The body mass distribution of ABFT was the most detailed 141 population information available (age or size structure data are lacking or more limited). Thus, we 142 focused on the relationship between ingestion rate (expressed in kJ per unit of time) and body mass. 143
Individual ingestion rate values were scaled up to the population level. To do this, ingestion rates 144 (kJ*day -1 ) were estimated from the DEB for the full body mass gamma distribution of sampled tuna. (n=39) and 2013 (n=37) by small-scale fisheries using longlines or handlines. Individuals were 154 measured (±1 cm, fork length) and weighed (±0.1 kg). Stomach contents were weighed and 155 completely and partially intact prey identified to the lowest possible taxonomic level. Prey items 156
were measured when possible (using total and/or standard length) and weighed to the nearest 157 millimetre and gram. All otoliths (fish) and beaks (cephalopods) were collected to determine the total 158 number of prey per species. For the three key prey species of this study (i.e. anchovy, sardine and 159 sprat), otolith lengths were converted to prey item length, using linear relationships based on 160 independent readings (see Supplementary files Table S1 ). Body mass of five key species was obtained 161 by converting indirectly from size (sardine, anchovy and sprat) or directly (mackerel, squid) from 162 otolith or beak length (using again independent readings, Supplementary files Table S1 ). Longline 163 baits of undigested sardines of sizes >17.5 cm were removed. 164
The importance of each prey species in the tuna diet was expressed as the percentage of prey 165 composition by number (%N), body mass (%M), and the frequency of occurrence of each item (%F). 166
For some rare species (referred to as "Other"), no body mass information was available so they were 167 excluded when calculating %M. Because our sampling size was limited (~40 stomachs per year), interannual differences in diet might 175 have been caused by small discrepancies in the annual sampling dates and tuna size. Therefore, we 176 tested whether prey length (anchovy, sardine and sprat) could be related to sampling date or tuna 177 For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.
size, using Spearman's rank correlation. We also tested whether the prey composition of the eight 178 most frequently occurring species (expressed as %N) could be related to the sampling date or tuna 179 size, using a Mantel test to correlate the two dissimilarity matrices. The prey item matrix was created 180 based on the Bray-Curtis method (as percentages are used, see Legendre and Legendre 1998) and 181
Euclidean distances were used for the tuna size and sampling date matrix. 182
To estimate the energetic importance of sardine, anchovy and sprat in the diet of ABFT, it is 183 necessary to also consider other relevant prey species (e.g., squid and mackerel). For example, a tuna 184 whose stomach comprises 50% fat sardine and 50% small squid will acquire more energy from 185 sardine than from squid. Thus, we must know the energetic density (J/g), body mass distribution and 186 %M of each major prey species consumed in order to estimate their energetic importance. Each body 187 mass class (0.5 g) of a given prey species was multiplied by the energetic density of that species (see 188 length-weight key to obtain prey item body mass) for these species (see Supplementary files Table  199 S1, Additionally, a uniform distribution was also assigned to the prey energetic densities (between 211 minimal and maximal values, Supplementary files Table S1 ), given that data were derived from 212 literature that did not necessarily consider the same time and space domain. At last, other sources of 213 uncertainty (e.g. such as associated with the DEB) were taken into account by taking a conservative 214 attitude (see previously for the DEB). 215
ABFT selectivity for certain prey sizes was also investigated by comparing the size distributions of 216 sardine, anchovy and sprat in ABFT stomachs with the size distributions of those obtained from the 217 pelagic surveys. As the survey takes place in July and the tuna stomachs were collected from August 218 to November, the theoretical sizes of anchovy and sardine ingested by tuna were back-calculated for 219 comparative purposes, using age-length keys developed from PELMED otolith data For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.
were smaller than 9 cm). Therefore, when comparing the diet and population census size classes, 227 ingested individuals smaller than 9 cm were not considered. As data were unbalanced, non-normally 228 
Results

232
Tuna diet and selectivity
233
Length and mass of the tuna analysed for their stomach content ranged between 89 cm and 158 cm 234 and 12.5 kg and 51.2 kg, respectively. Of the 118 stomachs examined, only one was found empty (in 235 2011). No significant relationships were found between prey composition and the sampling date or 236 tuna length (p>0.05, Mantel test), nor between the prey length and the sampling date or tuna length 237 (p>0.05, Spearman's correlation), so that year-to-year differences in prey length and composition 238 could not be attributed to minor changes in these two factors. 239
In total, 5,099 prey items belonging to 29 prey species or families were identified, resulting in a mean 240 prey abundance of 44 individuals per stomach. Anchovy and sardine were always the most important 241 species in terms of abundance, body mass and frequency of occurrence, although these indices 242 varied considerably between years (Fig. 2) . Together they consistently accounted for more than 80% 243 of ABFT diet (both in mass and number) in the area and each was present in at least 79% of the 244 stomachs. In contrast, sprat was little present in 2011 and 2012 (4%N), but became relatively more 245 important in 2013 (14%N). Cephalopods and mackerel only constituted between 1% and 3% of the 246 diet (for both mass and number). 247
According to the Chesson's index, ABFT generally selected anchovy and mackerel, rather than sardine 248 and sprat (Fig. 2) . Tuna always positively selected for anchovy, although this selection almost 249 doubled between years (i.e., 2011 and 2013). Mackerel were both positively and negatively selected, 250 depending on the year. Sardine and sprat were negatively selected (although sardine was preferred 251 to sprat). During the three years, anchovy was the only prey species for which the proportion in the 252 stomach fluctuated in parallel with its proportion in the ecosystem found by the pelagic survey. 253
Larger sardines were found more frequently in the tuna diet than during the pelagic survey (although 254 positive selectivity was also visible on small size classes in 2013, Fig. 3 The body mass distribution of the part of the ABFT population under study (i.e., ABFT inhabiting the 264 Gulf of Lions) had a median of 24.55 kg (Fig. 4a) . At this median mass, individual tuna ingestion rates 265
given by the DEB (Fig. 4b) were 2544 Kj*day -1 , 103 Kj*kg -1 *day -1 or dependent on the year (related to 266 the prey composition and resulting average prey energetic density) 1.3-1.4 %M b . Thus, given ABFT 267 abundance and residence time in the study region, the total energetic requirement for ABFT was 268 estimated at 6.78x10 6 ±1.47x10 6 MJ on average over all three years. 269
Anchovy and sardine were the most important species in terms of caloric importance, given their 270 relatively high caloric density (Supplementary files Table S1 ) and %M (Fig. 2) . The contribution of 271 sprat, mackerel and especially cephalopods was secondary. Given the abundance of those species in 272 the area (Table 1 , based on pelagic survey data), the consumption by tuna represented a maximum 273 of 1.93%±0.55% of the anchovy, 0.61%±0.23% of the sardine and 0.07%±0.02% of the sprat 274 populations (Table 1) . Thus, the predation pressure of ABFT in the Gulf of Lions on their main prey 275 species was low (< 2% of the prey populations). 276 For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record. stomach contents and those caught in the survey are not exactly comparable, possibly due to the 306 temporal mismatch between the small pelagic survey and the one on ABFT, as well as the lower size 307 limit on the small pelagic fishing gear (although both were corrected for). For example, anchovy 308 spawns between May and June (in contrast to winter spawning sardine and sprat) and these young-309 of-the-year fish were by July (when the PELMED survey operates) still too small to be captured by the 310 size-restrictive mesh size. ABFT were generally captured later, when anchovy had already slightly 311 grown. Also, small discrepancies in the size distributions might result from spatial heterogeneity in 312 size of the small pelagic fish populations and the tuna hunting area (e.g., tuna might hunt in a zone 313 were small pelagic fish are not averaged sized). Thus, we can conclude that observed differences 314 between the two distributions are most likely caused by factors other than a preferential 315 consumption of certain size classes by tuna and that the size distributions of the small pelagic fish are 316 not likely to have been affected by tuna predation. 317
Tuna energy requirement 318
Assessing predation pressure is particularly challenging for pelagic fish, as their abundance and the 319 daily energy requirement of their predator are not easily estimated. Here, predation estimates were 320 possible due to the availability of a calibrated model and a large amount of diverse multi-annual data 321 sources, including stomach content samples of ABFT, size distribution data of both preys and 322 predator and abundance estimates from extensive acoustic and aerial surveys. 323
The DEB model provided us with energy intake estimates by weight of Mediterranean bluefin tuna, 324 which were unavailable so far. Although tuna are generally considered to be opportunistic predators (Crane 1936) , the individuals in 374 this study appeared to negatively select sardine and sprat and positively select anchovy (a similar 375 finding was suggested for albacore, Thunnus alalunga, in the bay of Biscay; Goñi et al. 2011 ). This is 376 surprising as sprat has a higher fat content than anchovy (Brosset et al. 2014 ). Therefore, this 377 apparent selection may actually be due to a difference in the geographic distribution and/or 378 behaviour of the prey species, or an error in the relative abundance estimates of the prey in the 379 environment (see before) or the stomachs. in the ecosystem is higher, they may increase school densities rather than expand their spatial 391 distribution to areas where tuna hunts more intensely . 392
In conclusion, we provided an integrative framework based on previously developed techniques for 393 conducting predator-prey analyses. Such a state-of-the-art framework has not yet been used to 394 estimate predation pressure in the marine environment, and could further be applied to other prey-395 predator studies, with some input estimates perhaps being obtained through an equivalent approach 396 (e.g. to estimate prey or predator abundance, or by the use of a simpler less data-consuming 397 energetic model such as empirical regression models). In this case, the effect of tuna predation on 398 the small pelagic fish populations was found to be extremely small, so this specific ecosystem 399 considerations would not affect the fishery management. For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.
